The modern global food production system relies heavily on a considerable input of phosphorus. Sustainable food and agriculture need integrated phosphorus management, especially in phosphorus-scarce and food-deficient countries. This study aimed to investigate the phosphorus requirements to meet the future food demand for a phosphorus-scarce and food-deficient country, Comoros, as a case study. With its rapid population growth, domestic food production is far from meeting the food demand in Comoros, and the country relies on imported foods to satisfy the national needs; it is currently a net food importer, an import-dependent nation. We first calculated the virtual and embedded phosphorus flows through food trade in Comoros, from 1991 to 2013, and then estimated the phosphorus requirements for the future food demand under two scenarios. We found that the total virtual and embedded phosphorus through imported food increased from 163,313 to 493,190.97 kg and 53,190.12 to 143,009.62 kg in 1991 and 2013, respectively. Whereas, the embedded phosphorus through exported food shifted from 2548.75 to 1334.5 kg in 1991 and 2013, respectively. In addition, the Self-Sufficiency Ratio (SSR) analysis found that Comoros's SSR is far below 100%; it varied from 46.27% in 1991 to 29.70% in 2013, indicating that the capacity of domestic production to cover domestic consumption fell by 16.57% during that period. In terms of phosphorus requirements, Comoros will require approximately 3,003,435.09 kg of phosphorus to reach 90% of the SSR or 3,337,150.10 kg to achieve 100% of the SSR, by 2030. These amounts could allow farmers to domestically produce the entire volume of food crops and livestock products that would otherwise be imported from trade.
Introduction
Among the great challenges the world faces is how to feed a growing global population. That is why in September 2015, at the Sustainable Development Summit, the world leaders adopted the 2030 Agenda for Sustainable Development, which includes 17 Sustainable Development Goals (SDGs). "Ending hunger, achieving food security and improving food nutrition, and promoting sustainable agriculture" are the major points, amongst others of the second SDGs (https://www. un.org/development/desa/disabilities/envision2030-goal2.html). Therefore, this study, using the Agriculture is the main sector of the Comorian economy, contributing nearly 90% of the national export earnings [22] . Export income, however, is reliant on the three main cash crops: vanilla, cloves, and ylang-ylang. Thus, despite the importance of agriculture, food demand in Comoros is not met by domestic production, forcing the country to rely on imported foods to satisfy the national needs, and Comoros has become a net food importer, an import-dependent nation. This food import reliance is expected to increase along with population growth, unless domestic food production improves. 
Phosphorus Flows from Imported and Exported Commodities in Comoros

Virtual Phosphorus Flows from Imported Commodities in Comoros
Here, virtual phosphorus, as the term implies, refers to simply the amount of mineral phosphorus fertilizer used in other countries to produce the commodities (food and livestock) that are imported into Comoros. The idea is taken from the similar terms 'virtual water' [23] and 'virtual nitrogen' [24] , and has been used by many scientists [25] [26] [27] . We calculated the virtual phosphorus based only on imported commodities. The virtual phosphorus attributable to exported commodities was considered to be equal to zero in this study, because all the Comorian export commodities are produced without mineral phosphorus fertilizer application, and data on uptake phosphorus from natural sources were difficult to obtain. Hence, we estimated the virtual phosphorus for Comoros using the following equation [27] :
where Q i,j corresponds to the volume of the product that was imported into Comoros (where i = 1, 2, . . . , n are the different types of commodities from countries j, 1, 2, . . . , m that the commodities came from); ε corresponds to the coefficient of conversion from raw commodities into processed products; yield corresponds to the yield of product i in country j; and fertilizer corresponds to the amount of mineral phosphorus fertilizer applied to crop i to produce food j.
Embedded Phosphorus Flows through Imported and Exported Commodities in Comoros
Here, embedded phosphorus refers to the sum of the amount of phosphorus contained (physically embedded) in each imported crop and livestock product. We calculated it for the main Comorian imported and exported commodities, by multiplying the amount of the commodity traded by the corresponding phosphorus contained in each commodity (See Supplentary Materials, Table S1 ).
SSR in Food Production for the Selected Items and Scenarios Anlaysis
The Food and Agricultural Organization of the United Nations (FAO) defines SSR as the percentage of food consumed that is produced domestically [28] . It is estimated in either calories or in volume of food produced. It can also be expressed as the monetary value of the food, or measured in terms of specific commodities. It is an index that indicates how effectively domestic food consumption is covered by domestic production. We selected items that are main staple foods annually imported into the country (See Supplentary Materials, From Tables S2 to S11). The SSR (based on food production) in the selected food items in Comoros was calculated using the following equation [29] :
where P i is production, I i is imports, E i is exports, and ∆R i is stocks (or change in reserves) for a country i. ∆R i was considered to be equal to zero in this study, because there were no stocks; the total annual food produced domestically was consumed domestically. We calculated the mineral phosphorus requirement in 2030 under two scenarios: scenario 1, if the country wants to reach 90% of the SSR, and scenario 2, if it wants to achieve 100% of the SSR.
Projections of Food Demand
The main determinants of food demand are population size, price, income, and population preferences. Demographic changes also have an impact on food demand. Food demand is estimated on the basis of assumptions about the base year demand, economic growth, population, and expenditure elasticity. We first analyzed the current and future (in 2030) food demand in Comoros. The population of Comoros is estimated to have been 813,000 inhabitants in 2018 (UN estimation), with an annual population growth of 2.4% (see Supplentary Materials, Figure S1 ). Comoros has a rapidly increasing population and is expected to reach 1,062,000 in 2030 (UN estimation: https: //population.un.org). It is among the fastest growing populations in Africa, with a population density of 309.3 per square kilometer and about 71% of the Comorian population resides in the rural areas and relies on agriculture for livelihood [30, 31] .
On the economic side, the Comorian economy has not performed well during the last few decades. However, economic growth has improved recently (see Supplentary Materials, Figure S2 ). Annual real GDP growth rose from −5.4% in 1991 to 2.8% in 2018, and is expected to reach 7.5% in 2030. The food commodities demand was projected for the year 2030 based on 2013 prices (see Supplentary Materials, Tables S12 and S13), and we assume that the economy and population of Comoros will grow at the rate of 7.5% and 1,062,000 inhabitants in 2030, respectively. Hence, the projected food-item demands were calculated using the following equation:
where D t is the household demand for commodities in year t; d 0 is the per capita demand for the commodities in the base year; y is the growth in per capita income; e is the expenditure elasticity of demand for the commodity; and N t is the projected population in year t. Finally, we quantified the phosphorus that will be required for future food production in Comoros, using the conversion factor [32] , which estimates the phosphorus required to produce one kilogram of food crops or one kilogram of livestock products:
For food crops, we calculated the phosphorus using the following equation:
For animal products, we calculated the phosphorus using the following equation:
Data Collection and Sources
Because statistical data in Comoros are hard to get, we mainly collected our data from various national and international sources, such as the International Monetary Fund (IMF: statically appendix, 
Uncertainty Analysis
It is important to note that there is no doubt that our findings contain some uncertainties because our data were taken from multiple sources and were incomplete. First, some uncertainties are associated with the origin of the data. For example, our data were from several different institutions, and sometimes data varied from one institution to another, even in the same time period, so we had to adjust and reconcile the differences. Finally, it is likely that food aid is not reported to the database, although Comoros always gets some form of food aid, from Japan (rice) and Saudi Arabia (red meat), which could increase the volume of imported foods. Nevertheless, these uncertainties represent a small part of the phosphorus requirements in Comoros. Therefore, our data can be used credibly. Embedded phosphorus varies according to the physical amount of phosphorus contained in a specific imported food [27] . As can bee seen in Figure 2 , the main imported foods in Comoros in 1991 were cereals, sugar, red meat, poultry meat, and milk, whereas in 2013, one more type of imported food (fruits and vegetables) was added. In contrast to food imports, the main exported commodities remained the same (cloves and vanilla) in 1991 and 2013. The total phosphorus embedded through imported food in Comoros in 1991 was dominated by cereals (80.51%), followed by milk (8.38%), red meat (6.63%), poultry meat (2.82%), and sugar (1.64%). In 2013, cereals also dominated the total embedded phosphorus, at 73.55%, followed by poultry meat (12.85%), red meat (9.15%), eggs and milk (2.92%), sugar (0.94%), and fruits and vegetables (0.56%). The larger volume of embedded phosphorus in food imports was dominated by cereals because of a higher demand for rice and wheat flour. Domestic rice production has considerably decreased and almost ceased entirely, making the country a net rice importer nation.
As adjust and reconcile the differences. Finally, it is likely that food aid is not reported to the database, although Comoros always gets some form of food aid, from Japan (rice) and Saudi Arabia (red meat), which could increase the volume of imported foods. Nevertheless, these uncertainties represent a small part of the phosphorus requirements in Comoros. Therefore, our data can be used credibly. Embedded phosphorus varies according to the physical amount of phosphorus contained in a specific imported food [27] . As can bee seen in Figure 1 , the main imported foods in Comoros in 1991 were cereals, sugar, red meat, poultry meat, and milk, whereas in 2013, one more type of imported food (fruits and vegetables) was added. In contrast to food imports, the main exported commodities remained the same (cloves and vanilla) in 1991 and 2013. The total phosphorus embedded through imported food in Comoros in 1991 was dominated by cereals (80.51%), followed by milk (8.38%), red meat (6.63%), poultry meat (2.82%), and sugar (1.64%). In 2013, cereals also dominated the total embedded phosphorus, at 73.55%, followed by poultry meat (12.85%), red meat (9.15%), eggs and milk (2.92%), sugar (0.94%), and fruits and vegetables (0.56%). The larger volume of embedded phosphorus in food imports was dominated by cereals because of a higher demand for rice and wheat flour. Domestic rice production has considerably decreased and almost ceased entirely, making the country a net rice importer nation.
Results and Discussion
Phosphorus Flows through Food Trade in Comoros in
As for food sources, in 1991, Asia became the top importer, with 42,826.50 kg and 1501.50 kg of embedded phosphorus from cereals and poultry meat, respectively. According to Figure 2 , we can see that the second food importer continent for Comoros was Europe, with 4460.36 kg of embedded phosphorus from eggs and milk, and 1511.80 kg from red meat. The last food importer continent for Comoros was Africa (mainly Madagascar, Mauritius, Tanzania, and South Africa), with 2015.68 kg of embedded phosphorus from red meat and 874.28 kg of embedded phosphorus from sugar. On the other hand, only two commodities dominated the embedded phosphorus through exported products in Comoros in 1991 and 2013: cloves and vanilla. The main embedded phosphorus receivers from Comoros' exported commodities in 1991 were North America (820 kg from cloves and 283.60 kg from vanilla), Europe (922.18 kg from cloves and 319 kg from vanilla), Africa (55 kg from cloves and 19 kg from vanilla), and other countries (96.57 kg from cloves and 33.40 kg from vanilla). By 2013, North America had been replaced by Asia (298.24 kg from cloves and 12.50 kg from vanilla), although Europe (660.48 kg from cloves and 28 kg from vanilla) moved into first place as the highest importer, while Africa (161.28 kg from cloves and 7 kg from vanilla) and other countries (160 kg from cloves and 7 kg from vanilla), retained their third and fourth positions, respectively, in the list of receiving regions of embedded phosphorus from Comoros's exported products.
Virtual Phosphorus Flows through Food Trade in 1991 and 2013
Figure 3 displays the details of virtual phosphorus flow through imported foods in Comoros in 1991 and 2013. In both years, Comoros had only three agricultural export commodities (vanilla, cloves, and ylang-ylang oil) and farmers did not use mineral phosphorus fertilizer during cultivation. Overall, red meat dominated imports, with 100,410 kg of virtual phosphorus flow, followed by cereals (25, 434 .60 kg), poultry meat (20,540 kg), and eggs and milk (16, 916 .20 kg), in 1991. Similarly, in 2013, red meat was highest in virtual phosphorus (372,539.70 kg), followed by cereals (86,552.13 kg), poultry meat (20,540 kg), and eggs and milk (8916.01 kg) for imported food. This result could be expected, because red meat (cattle, sheep, and goats) usually requires many years of feed input before being consumed as meat [33] , resulting in high virtual phosphorus.
The virtual phosphorus from imported food crops in Comoros in 1991 originated from several major regions and continents: from the rest of Africa (5.738720 kg for red meat and sugar combined), from Asia (45,974.60 kg for poultry meat and cereals combined), and from Europe (59,951.20 kg for red meat and milk combined). By 2013, though, red meat virtual phosphorus (313,099.20 kg) had shifted from Europe to South America (Brazil); Africa had lost its position as sugar exporter, but retained its position with a slight increase (59,440.50 kg for red meat production), with a new type of commodity: fruits and vegetables (7.15 kg of virtual phosphorus). Asia had retained its position, with 86,551 kg from cereal production, 25,135.57 kg from poultry meat production, and 22.41 kg from sugar production. Europe had retained its position in the virtual phosphorus flow The milk produced in Comoros is destined for local consumption, but cannot meet the total demand of domestic consumption, necessitating the import of various forms of processed milk (from liquid to powdered milk).
major regions and continents: from the rest of Africa (5.738720 kg for red meat and sugar combined), from Asia (45,974.60 kg for poultry meat and cereals combined), and from Europe (59,951.20 kg for red meat and milk combined). By 2013, though, red meat virtual phosphorus (313,099.20 kg) had shifted from Europe to South America (Brazil); Africa had lost its position as sugar exporter, but retained its position with a slight increase (59,440.50 kg for red meat production), with a new type of commodity: fruits and vegetables (7.15 kg of virtual phosphorus). Asia had retained its position, with 86,551 kg from cereal production, 25,135.57 kg from poultry meat production, and 22.41 kg from sugar production. Europe had retained its position in the virtual phosphorus flow through milk, although with a significant decrease from 16,916.20 kg in 1991 to 316.91 kg in 2013. The milk produced in Comoros is destined for local consumption, but cannot meet the total demand of domestic consumption, necessitating the import of various forms of processed milk (from liquid to powdered milk). Figure 4 compares the virtual phosphorus and the embedded phosphorus through the food trade in Comoros, from 1991 to 2013. There is clearly a large difference between the two, as the virtual phosphorus considers all the phosphorus applied during the production of the crops that were imported in Comoros, whereas the embedded phosphorus includes only the actual volume contained in the imported commodities. Moreover, the process of applying phosphorus to the soil for food production differs from one country to another. Some countries use mineral phosphorus fertilizer in a careless way, leading to environmental pollution; some consume very little or cannot afford it at all for agricultural purposes, leading to soil phosphorus deficiency. Both phosphorus rich consumer and poor consumer countries should implement policies, such as changing the diet (encourage the consumption of foods with less phosphorus requirements, like vegetables), and technics, such as maximizing the phosphorus recovery through recycling and reusing the livestock manure, waste water, household organic, and human waste. Poor phosphorus consumer countries could benefit more from maximizing the recycling and reusing. Consequently, virtual phosphorus can vary, depending on the origin of the imported commodities. Figure 4 compares the virtual phosphorus and the embedded phosphorus through the food trade in Comoros, from 1991 to 2013. There is clearly a large difference between the two, as the virtual phosphorus considers all the phosphorus applied during the production of the crops that were imported in Comoros, whereas the embedded phosphorus includes only the actual volume contained in the imported commodities. Moreover, the process of applying phosphorus to the soil for food production differs from one country to another. Some countries use mineral phosphorus fertilizer in a careless way, leading to environmental pollution; some consume very little or cannot afford it at all for agricultural purposes, leading to soil phosphorus deficiency. Both phosphorus rich consumer and poor consumer countries should implement policies, such as changing the diet (encourage the consumption of foods with less phosphorus requirements, like vegetables), and technics, such as maximizing the phosphorus recovery through recycling and reusing the livestock manure, waste water, household organic, and human waste. Poor phosphorus consumer countries could benefit more from maximizing the recycling and reusing. Consequently, virtual phosphorus can vary, depending on the origin of the imported commodities. Figure 4 compares the virtual phosphorus through food trade in Comoros. In order to have a better assessment view about the virtual phosphorus requirements in Comoros for food production, we will compare our results on virtual phosphorus to other studies in other countries in the next paragraph.
Comparison of Virtual Phosphorus and Embedded Phosphorus through the Food Trade in Comoros
Comparison of the Virtual Phosphorus in Comoros and Japan
We selected meat (see Supplentary Matrials, Figure S3 ) as the food item to compare between Comoros and Japan, for an obvious reason: animal-based meat requires a much larger amount of phosphorus than other food items. As can be seen in Table 1 , Comoros required 0.28 kg per capita of virtual phosphorus in 1991 for meat production and 0.53 kg in 2013. These two amounts are far below the Japanese virtual phosphorus requirements for meat production (2.50 kg) [26] . The reason for the large difference is linked with not only the phosphorus consumption itself, but also with all the other criteria used during the calculation of virtual phosphorus in both studies. 
Phosphorus Flows through Imported Fertilizer in Comoros
Comparison of Phosphorus Flows through Imported Fertilizer and through Food Trade in Comoros, 1991 to 2013 Figure 4 compares the virtual phosphorus through food trade in Comoros. In order to have a better assessment view about the virtual phosphorus requirements in Comoros for food production, we will compare our results on virtual phosphorus to other studies in other countries in the next paragraph.
Comparison of the Virtual Phosphorus in Comoros and Japan
Phosphorus Flows through Imported Fertilizer in Comoros
Comparison of Phosphorus Flows through Imported Fertilizer and through Food Trade in Comoros, 1991 to 2013 Figure 5 gives a clear comparison of the phosphorus flows through imported fertilizer and through food trade in Comoros, from 1991 to 2013. Phosphorus through food trade in Comoros is far higher than that from imported fertilizer, indicating that the country consumes more phosphorus through food trade than through imported fertilizer, and that the consumption of phosphorus fertilizer for agricultural purposes is lower. In addition, Comoros has not kept long-term historical data on phosphorus fertilizer consumption. What data are available indicate that the amount varied from 44 Figure 6 presents the relationship between the imported phosphorus through trade (embedded plus virtual plus imported fertilizer) and the population growth in Comoros. Comoros is ranked as 22nd in the world and the highest in Africa, in terms of population density [35] . It is clear that this fast growth of the Comorian population has had an impact on food consumption [36] and domestic food production. Moreover, there is also a growing demand for imported foods [37] , and in turn, an increase in phosphorus. Figure 6 presents the relationship between the imported phosphorus through trade (embedded plus virtual plus imported fertilizer) and the population growth in Comoros. Comoros is ranked as 22nd in the world and the highest in Africa, in terms of population density [35] . It is clear that this fast growth of the Comorian population has had an impact on food consumption [36] and domestic food production. Moreover, there is also a growing demand for imported foods [37] , and in turn, an increase in phosphorus. Figure 7 clearly displays the annual average SSR of the selected items, from 1991 to 2013. The average SSR decreased gradually, from 46.27% in 1991 to 29.70% in 2013, meaning that the capacity of domestic production to cover domestic consumption fell by 16.57% during 1991-2013. The population grew rapidly, while the domestic food production did not improve, remaining at its traditional level, and the only way to satisfy the needs of the population was to import more food. As for specific commodities, eggs and maize presented the highest SSR, followed by dairy products. Dry onions started at a higher SSR, but suddenly decreased considerably from 2002 to 2013. The SSR for rice gradually decreased from 9.78% in 1991 to 1.06% in 2011. According to [16] , rice production in Comoros occupied almost 13,335 ha, but this value refers to hill rice, and since no fertilizers-either mineral or organic-were applied to this soil, the annual rice yield has decreased, along with the fertility of the soil. Hence, even though rice is a basic staple food of the Comorian diet, rice production continues to decline, and has now almost ceased. At this point, the country relies totally on rice imports to satisfy the local needs; rice imports per capita per year increased from 66.34 kg in 1991 to 69.87 in 2013.
Self-Sufficiency Ratio in food production for selected items in Comoros
Self-Sufficiency Ratio in Food Production for Selected Items in Comoros
The situation is no better when we look at animal food products. The SSR of poultry meat decreased from 24% in 1991 to 7% in 2013, even though the volume of domestic poultry production more than doubled from 202 Mt in 1991 to 576 Mt in 2013. That translates to an annual increase of 17 Mt, which is a small amount when compared with the amount of imported poultry meat (332.27 Mt) over the same period.
The SSR from red meat decreased from 40% in 1991 to 20% in 2013. The domestic red meat production in Comoros represented 30% of the total volume of red meat consumed in 1991, while the imported production represented 70%. In 2013, the percentage of imported red meat was 83%, and the domestic percentage was 17%-a significant increase in the imported volume and a considerable decrease in the domestic volume. The revenues of the livestock farming represented 8% of GDP [38] . Livestock production in Comoros is carried out predominantly by small family farmers, and all livestock products are locally consumed. Although accurate figures for the livestock population are not easy to obtain, in the year 2000, it was estimated that there were 49,200 heads of cattle, 220,020 poultry, and 190,000 heads of ruminants (goats and sheep). Farmers use natural grasses for feeding the animals. During the dry season, the animals are not well fed, and farmers often use garbage waste, such as As for specific commodities, eggs and maize presented the highest SSR, followed by dairy products. Dry onions started at a higher SSR, but suddenly decreased considerably from 2002 to 2013. The SSR for rice gradually decreased from 9.78% in 1991 to 1.06% in 2011. According to [16] , rice production in Comoros occupied almost 13,335 ha, but this value refers to hill rice, and since no fertilizers-either mineral or organic-were applied to this soil, the annual rice yield has decreased, along with the fertility of the soil. Hence, even though rice is a basic staple food of the Comorian diet, rice production continues to decline, and has now almost ceased. At this point, the country relies totally on rice imports to satisfy the local needs; rice imports per capita per year increased from 66.34 kg in 1991 to 69.87 in 2013.
The SSR from red meat decreased from 40% in 1991 to 20% in 2013. The domestic red meat production in Comoros represented 30% of the total volume of red meat consumed in 1991, while the imported production represented 70%. In 2013, the percentage of imported red meat was 83%, and the domestic percentage was 17%-a significant increase in the imported volume and a considerable decrease in the domestic volume. The revenues of the livestock farming represented 8% of GDP [38] .
Livestock production in Comoros is carried out predominantly by small family farmers, and all livestock products are locally consumed. Although accurate figures for the livestock population are not easy to obtain, in the year 2000, it was estimated that there were 49,200 heads of cattle, 220,020 poultry, and 190,000 heads of ruminants (goats and sheep). Farmers use natural grasses for feeding the animals. During the dry season, the animals are not well fed, and farmers often use garbage waste, such as banana and cassava peelings, pigeon-pea leaves, kitchen waste, and banana stems, as feed for animals [16, 39] . This poor nutrition makes the animals susceptible to disease. In the period 2003-2006, half of the bovine population in Grand Comore (the largest island in Comoros) was devastated by a bovine virus, although samples taken during that period did not reveal its presence in Moheli or Anjouan [40] .
Sugar, garlic, and wheat flour scored 0% each, in the SSR index in Comoros, from 1991 to 2013, because of a total absence of domestic production for the three items. Historically, during the colonization era, Comoros was an active producer of sugar and sugar cane, but when that era ended, it totally ceased and the country now relies on imported sugar for its domestic consumption. As for garlic and wheat flour, there is no evidence of any domestic production of either of these foods, either now or in the past, and the large import amounts are increasing over time and currently absorb much of the country's foreign reserves [38] .
Comparison between SSR in Comoros and Other Countries
We chose rice as the food item to compare with other countries because nearly 95% of the rice that is annually consumed in Comoros is imported. As can be seen in Table 2 , the Comorian SSR is far smaller than that of other peer African countries, having decreased gradually from 9.78% in 1991 to 1.06% in 2011. Japan, a developed country, has the highest SSR for rice, 95%. A study conducted for "Assessing the evolving fragility of the global food system", found that Comoros is among the top countries suffering from a rice production deficit; its SSR varied from 45% in 1992-1996 to 64% in 2005-2009 [29] . * Computed based on the data from the assessment of rice self-sufficiency in 2025 in eight African countries study [42] . The SSA indicates some of the Sub-Saharan African countries, including (Burkina Faso, Ghana, Mali, Nigeria, Tanzania, and Zambia).
Enhancement of the SSR in Comoros
This study found that the average SSR for the selected items is far below 100%; it varied from 46.27% in 1991 to 29.70% in 2013. This decrease, of course, was due to a certain number of drivers; such as the deficiency of phosphorus fertilizer, reduction of the output of the domestic agricultural production, the outdated agrarian practices (including little or no P fertilizer application for crop production), and unsuitable agriculture.
Firstly, Comoros agricultural agencies should design a robust agricultural policy that focuses on importing enough fertilizer for farmers. Comoros needs to use its diplomatic relations and set up trade negation with the phosphorus-rich producer countries, like Morocco. Not only is Morocco not far away from Comoros (for the benefit of reduction the transport shipment fees and reduction of time for the container to arrive), but also, Morocco controls around 85% of the reserve of the world's share of minable phosphorus (Estimation data from the International Fertilizer Development Center (IFDC) reserves for products). Comorian Agricultural agencies should make sure that farmers are able to access the phosphorus fertilizer easily, either in affordable ways or in subsidy ways.
Secondly, improvement of the Phosphorus Use Efficiency (PUE) in the food supply chain is crucial to the enhancement of the SSR in Comoros. Not only recycling and reusing phosphorus in the animal and crop production system, but also recycling the wastes from the transportation, food processing, and household sectors, are key approaches to enhance the PUE. In regard to specific commodities, demand per capita will be 96.64 kg, 9.20 kg, and 27.19 kg for rice, maize, and wheat flour, in 2030, respectively. Red meat, poultry meat, and eggs and milk demand per capita will also attain 35.76 kg, 14.30 kg, and 57.78 kg, in 2030, respectively. Vegetables per capita demand and sugar will reach 5.06 kg, and 13.85 kg, in 2030, respectively. It is clear that, as can be seen in Table 3 , food demand has been driven mainly by growth in both population and income. 
Projections of Phosphorus Requirements
As can be seen in Table 3 , the total phosphorus requirements, in 2030, in Comoros are expected to rise considerably, along with the increase in the food demands of cereals, livestock, sugar, and vegetables. Nevertheless, an appropriate amount of phosphorus could enable the country to domestically produce the entire volume of food crops and livestock products that is anticipated to be imported from trade. The total phosphorus requirements in Comoros, in 2030, will be livestock (87.42%), followed by cereals (12.27%), vegetables (0.20%), and sugar (0.08%). Our results support the conclusion from "the role of diet in phosphorus demand" study [32] : that the population increases expected in both developing and developed countries will be accompanied by increases in the demand for phosphorus. Table 4 describes the food group (cereals, livestock, vegetables, and sugar), food items (wheat flour, maize, rice, red meat, poultry meat, eggs, milk, onions, dry, garlic, and sugar), and conversion factor (kg P/kg of crop) used to calculate the P requirement according to the projected domestic food demand in 2030. The phosphorus requirement per capita for future food demand is estimated to be 3.14 kg in 2030. This amount of phosphorus could allow Comorian farmers to domestically produce the entire volume of food crops and livestock products that would otherwise be imported. Table 5 estimates the phosphorus requirements in 2030 under different scenarios. It can be seen that the country will require 3,003,435.09 kg and 3,337,150.10 kg of mineral phosphorus, in 2030, to be able to attain 90% and 100% of the SSR in the selected items, respectively. Considering the economic cost, 90% of the SSR should be a practical goal for food security, as it meets the FAO's low risk standard recommendation. 
Comparison of Possible Total Phosphorus and Phosphorus for Meat Production Requirements in Comoros and Globally
This study has found that the total phosphorus requirements in Comoros varied from 0.27 kg per capita in 1991 to 1.00 kg per capita 2013, and will reach 3.14 kg per capita in 2030, whereas the values found by [32] comparing 1961 and 2007 were 1.04 kg and 1.05 kg, respectively. On the other hand, the total per capita global phosphorus requirement will increase from 2.45 kg in 2007 to 3.46 kg in 2030 to 3.67 in 2050. This result closely matches the one found from "The role of diet in phosphorus demand" study [32] .
As for meat production, the per capita phosphorus requirement in Comoros varied from 0.26 in 1991 to 0.70 in 2013 and will attain 2.46 in 2030. By contrast, the total per capita global phosphorus requirement will rise from 1.32 kg/capita to 1.55 to 1.72 in 2007, 2030, and 2050, respectively. This rapid increase is primarily attributable to the rise in income. In 2030, it is likely that the economic growth of Comoros will attain 7.5%, because of the discovery of huge undeveloped hydrocarbon reserves in the economic exclusive zone of the country [43] . With the combination of population and income growth, people are likely to change their dietary habits and consume a more meat-based diet, a pattern that is especially prevalent in developing countries. This fact has been argued by many scientific studies [44] [45] [46] [47] [48] [49] [50] . Table 6 compares the total P footprint and the per capita phosphorus requirements for meat production in Comoros under this study and another study [32] . Table 6 . Comparisons of total phosphorus footprint and possible phosphorus requirements for meat production in Comoros, under this study and another study [32] . 
Region
Conclusions
In this study, we estimated the phosphorus fertilizer requirements for the future food demand in Comoros. First, we calculated the phosphorus flows through food trade in Comoros, over 22 years, from 1991 to 2013. Secondly, our SSR results show that Comoros has an average SSR far below 100% and is not able to easily afford adequate food imports, or to distribute them equally, ensuring food security for all. Finally, the study found that approximately 3,337,150.10 kg of phosphorus fertilizer will be required by Comoros in 2030, to boost the domestic food production and considerably diminish the food imports. For a country like Comoros, where the domestic agricultural sector is struggling to provide enough food for its population, the efficient application of these amounts of phosphorus could help reduce the burden of the food import bill and minimize the food-import dependency by allowing farmers to improve their food productivity, which in turn will increase their livelihoods and ensure an adequate daily diet. This study is the first to quantify the phosphorus that will be required for Comoros to achieve these long-term goals. These precise and accurate estimates of phosphorus requirements could be used in the Accelerated Growth and Sustainable Development Strategy (SCA2D-2030) plan adopted by the Comorian government. It is important that Comoros considers ways to obtain the amount of phosphorus it needs, to ensure food self-reliance for its future population.
The agricultural sector in most food-deficient countries significantly contributes to the food consumption. However, with little or no P fertilizer application, the agricultural output stagnates, and domestic food production becomes less and less able to satisfy the population's needs. Consequently, most food-deficient countries become food import-dependent nations, and are likely to experience an imbalance in food trade. To counteract this trend, appropriate agricultural policies in food-deficient countries can play a crucial role in boosting economic development through agricultural production, as has happened in developed countries. This goal will only be achieved, however, if agricultural policies, resource use, and agricultural production are well-developed and efficiently implemented, and food needs and production are regularly monitored. Phosphorus presents a unique opportunity for increasing crop yields and should be utilized, in order to reach the goal of zero hunger by 2030.
This study, based on empirical evidence, has shown that it would better for food-deficient countries to import enough phosphorus fertilizer to allow them to replenish their agricultural soil and produce sufficient foods to satisfy the national needs and achieve 100% SSR. Table S1 : embedded phosphorus calculation, Table S2: rice imports, Table S3 : wheat flour imports, Table S4:  maize production and imports, Table S5 : Onion, dry production and imports, Table S6:garlic imports, Table S7 : red meat production and imports, Table S8 : poultry meat production and imports, Table S9 : eggs production and imports, Table S10 : Dairy products production and imports, Table S11: sugar imports, Table S12 : food items and expenditure elasticity for food demand in Comoros, Table S13 
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